The shrinkage of reinforced polymer composites in injection molding varies, depending on the properties of the reinforcing agent. Therefore, the study of optimal reinforcement conditions, to minimize shrinkage when talc and glass fibers (GF) (which are commonly used as reinforcements) are incorporated into polypropylene (PP), is required. In this study, we investigated the effect of reinforcement factors, such as reinforcement type, reinforcement content, and reinforcement particle size, on the shrinkage, and optimized these factors to minimize the shrinkage of the PP composites. We measured the shrinkage of injection-molded samples, and, based on the measured values, the optimal conditions were obtained through analysis of variance (ANOVA), the Taguchi method, and regression analysis. It was found that reinforcement type had the largest influence on shrinkage among the three factors, followed by reinforcement content. In contrast, the reinforcement size was not significant, compared to the other two factors. If the reinforcement size was set as an uncontrollable factor, the optimum condition for minimizing directional shrinkage was the incorporation of 20 wt % GF and that for differential shrinkage was the incorporation of 20 wt % talc. In addition, a shrinkage prediction method was proposed, in which two reinforcing agents were incorporated into PP, for the optimization of various dependent variables. The results of this study are expected to provide answers about which reinforcement agent should be selected and incorporated to minimize the shrinkage of PP composites.
Introduction
Injection molding is used in the production of complex plastic products [1] [2] [3] . In the case of plastics, in this process, molten resin is injected into a mold and is then left to cool and solidify into the final plastic product. During this process, the cooling in mold causes shrinkage, and the product is reduced in size, compared to the mold dimensions. This phenomenon occurs as a result of the difference in the cooling rate at the surface of the product and that of the interior [4] . If an injection-molded part experiences a large direction-dependent shrinkage deviation, its dimensional stability is seriously affected. This might also cause warpage in this part. Therefore, various studies have been conducted to reduce such shrinkage and warpage problems [5] [6] [7] [8] [9] .
Zafar et al. applied a microcellular foaming process to reduce linear and volumetric shrinkage of the injection-molded parts [5] . The authors used acetal copolymer as a material, and by applying the foaming process, they were able to reduce the shrinkage and weight of the injection-molded samples. Jin et al. carried out a finite element analysis to predict the residual stress and distortion in smartphone baseplates manufactured by die-casting and injection-molding processes [6] . The results 
Materials and Methods

Materials
PP supplied by Hanwha Total (Seoul, Korea) was used as the base material. Two types of talc (Hanwha Total, Seoul, Korea) were used as a reinforcing material. Talc is a thin plate-like reinforcing agent [22, 23] . The average particle sizes (D50) of the two types of talc were 5.2 and 1.8 µm (denoted big and small, respectively). Each type had a specific gravity of 2.7. In addition, two types of GF (Owens Corning, Toledo, Ohio, America) were used as reinforcing materials. GF is an elongated thread-like reinforcing agent [24, 25] . The average nominal diameters of the two types of GF were 13 and 10 µm (denoted big and small, respectively), and the chop lengths were both 4.3 mm. In addition, the specific gravities were both 2.6. In accordance with the reinforcement factors, the base material and the reinforcing agents were compounded, using a twin-screw extruder (TEK 25, SMPLATEK, Ansan, Korea) to produce talc-reinforced PP composites (PP/T) and glass-fiber-reinforced PP composites (PP/GF).
Sample Preparation
The test specimen for shrinkage was prepared in the shape of a thin rectangle of dimensions 150 mm × 100 mm × 1.8 mm. Test samples (parts) were injection molded with a 120-ton injection molding machine (WOOJIN SELEX-E120, Chungcheong, Korea). The injection temperature was 200 • C and the mold temperature was 40 • C. The injection pressure was 8 MPa. In addition, the holding pressure was 6.4 MPa (80% of the injection pressure) and the back pressure was 2 MPa. The injection speed was 40 mm/s, and the rotation speed of the injection molding screw was 60 rpm. The cooling time of the test samples was 40 s. More than seven samples were injection-molded, for each experimental condition.
Shrinkage Measurements
Forty-eight hours after injection molding, the shrinkage was calculated by measuring the length of the test specimen. The lengths of seven samples were measured for each experimental condition, using Vernier calipers, and the maximum and minimum values were excluded. The shrinkage was calculated by measuring the lengths of five test samples at each condition, and the shrinkage was determined as follows:
where l mold represents the mold length and l part represents the part length. Locations where shrinkage was measured and averaged on the test specimen are shown in Figure 1 . There were two shrinkage measurement locations for the FD (red line in Figure 1 ) and TD (blue line in Figure 1 ). Differential shrinkage, which represents the deviation of the shrinkage between flow and transverse directions, was calculated using Equation (2) .
Materials 2019, 12, 764 4 of 20 machine (WOOJIN SELEX-E120, Chungcheong, Korea). The injection temperature was 200 °C and the mold temperature was 40 °C. The injection pressure was 8 MPa. In addition, the holding pressure was 6.4 MPa (80% of the injection pressure) and the back pressure was 2 MPa. The injection speed was 40 mm/s, and the rotation speed of the injection molding screw was 60 rpm. The cooling time of the test samples was 40 s. More than seven samples were injection-molded, for each experimental condition. 
Forty-eight hours after injection molding, the shrinkage was calculated by measuring the length of the test specimen. The lengths of seven samples were measured for each experimental condition, using Vernier calipers, and the maximum and minimum values were excluded. The shrinkage was calculated by measuring the lengths of five test samples at each condition, and the shrinkage was determined as follows: 
Distribution of Reinforcements
We confirmed the distribution of the reinforcements (talc and GF) in the base material, PP, using X-ray micro-computed tomography (Micro-CT). Using Micro-CT (Bruker Co., Billerical, Skyscan 1272, Massachusetts, United States), we captured cross-sectional images of the skin-core structure, to examine the distribution of the reinforcements and their orientation in PP.
Design of Experiments
The experiments were designed to find the optimal type and content of reinforcement that would minimize shrinkage. There were three factor types in the experiment. The type and content of the reinforcement were controllable factors, whereas the size of the reinforcement was set as an uncontrollable noise factor (Table 1) . In this study, we conducted experiments on all conditions, in random order ( Table 2 ). The shrinkage in the FD and TD, as well as the differential shrinkage, were compared at each condition. 1  -0  -2  Talc  5  Big  3  Talc  5  Small  4  Talc  10  Big  5  Talc  10  Small  6  Talc  15  Big  7  Talc  15  Small  8  Talc  20  Big  9  Talc  20  Small  10 Glass 
Optimization Methods
From the experimental results, ANOVA, the Taguchi method, and regression analysis were applied to find the optimum conditions for preventing the shrinkage in the FD and TD, as well as the differential shrinkage.
ANOVA is a method to identify which factors are more influential among others. The dispersion of the characteristic values is expressed as a sum of squares and is divided by the number of degrees of freedom of each error, and the variance calculated by each factor is compared with the variance of the error [26] .
The Taguchi method is a method for finding a robust optimal condition from the noise factors, which cannot be controlled by adjusting the level of the controllable factors. This robust condition can be calculated from the high signal-to-noise (S/N) ratio. A smaller shrinkage in the FD and TD, and a smaller differential shrinkage indicate better values; the corresponding S/N ratio equation is shown in Equation (3) [27] .
Here, n is the number of replications and y is the experimental value. Regression analysis is an analytical method that determines the correlation between several independent variables and dependent variables. A model showing the correlation between variables can be obtained by statistical methods and can be used to predict untested experimental conditions [28] .
Results and Discussion
Effect of the Reinforcement on Shrinkage
We measured and analyzed the shrinkage in three directions, upon the incorporation of talc and GF into PP, in which the reinforcement size factor was small. Figures 2 and 3 show the shrinkage tendencies in FD and TD. The shrinkage was reduced with the addition of both talc and GF. The shrinkage of PP decreased in all directions, as the content of both talc and GF increased. Therefore, it was reasonable to add talc or GF, to reduce the shrinkage of PP. The reason for this was that both types of reinforcement had a lower coefficient of thermal expansion than the polymer matrix [10] .
In particular, the addition of GF significantly reduced the shrinkage of PP in the two directions, compared with the addition of talc. The shrinkages of PP/T were 1.257% and 1.216% (FD and TD), and the shrinkages of PP/GF were 0.277% and 0.462% (FD and TD), at a reinforcement content of 20 wt %. It could be seen that the shrinkages of PP/T were about 4.54 times (FD) and 2.63 times (TD) higher than those of PP/GF. Therefore, the incorporation of GF into PP was more effective than the incorporation of talc, for minimizing shrinkage.
The shrinkage of PP/GF was reduced sharply at a GF content of 5 wt %, but the shrinkage of PP/T showed a relatively slight reduction at a talc content of 5 wt %. When the reinforcement content was 5 wt %, the shrinkage of PP/T decreased by 0.006% (FD) and 0.016% (TD), compared to that of PP alone, but the shrinkage of PP/GF decreased by 0.967% (FD) and 0.606% (TD), compared to that of PP. If the shrinkage of PP by the incorporation of a small amount of reinforcement (5 wt %) was required, GF was more useful than talc. This was expected because GF (5 × 10 −6 1/C) had a lower thermal expansion coefficient than talc (10 −5 1/C) [29] . The shrinkage in the thickness direction decreased when the reinforcements were incorporated, as compared to when no reinforcement was added. However, no constant trend was observed with the increasing reinforcement content (Figure 4 ), indicating that the shrinkage in the thickness direction was not significantly affected by the reinforcement content. Since the reinforcements were oriented close to the FD, and the thickness was much smaller than the dimensions of the FD and TD, the minimization of shrinkage in the thickness direction, upon the addition of reinforcement, was insignificant. In addition, the shrinkage in the thickness direction (more than 4%) was much larger than the shrinkage in the FD or TD as a whole. This trend was similar to that observed in other studies on the shrinkage of PP [30, 31] . The differential shrinkage of PP/GF was about five times larger than that of PP/T, on average ( Figure 5 ). When talc was incorporated, the differential shrinkage was similar to that of PP without reinforcement. The differential shrinkage of PP with no incorporated reinforcement was 0.063%, and the differential shrinkages of PP/T were from 0.041% (at 20 wt %) to 0.073% (at 5 wt %). The base material, PP, itself underwent anisotropic shrinkage (high differential shrinkage), and this could be improved by incorporating talc. PP is a semicrystalline polymer and is different from the amorphous polymers, which undergo isotropic shrinkage. Semicrystalline polymers show a sharp melting transition during melting and partial crystallization, during cooling [10, 20] . As the crystallization progressed, forming a regular lattice chain, the volume of PP reduced sharply. Therefore, the shrinkage of PP became larger as the crystallized portions increased. On the other hand, when GF was incorporated, the differential shrinkage was much higher than that of PP without reinforcement. The differential shrinkages of PP/GF were 0.186% (at 20 wt %) to 0.321% (at 15 wt %).
In other words, as the content of talc increased, the shrinkage of PP/T decreased, similarly, in both directions ( Figure 6 ). The shrinkage of PP/T decreased by 0.111% (FD) and 0.105% (TD), on average, for every 5 wt % increase in talc content. On the other hand, the shrinkage of PP/GF in the FD, decreased more than that in the TD, as the GF contents increased ( Figure 7 ). The shrinkage of PP/GF decreased by 0.356% (FD) and 0.294% (TD), on average, for every 5 wt % increase in GF content.
As the differential shrinkage increased, warpage of the injection molded parts occurred, so it was best to minimize the differential shrinkage. Compared with talc, GF minimized the shrinkage to a greater extent, but the effect on the differential shrinkage was rather worse. Therefore, considering warpage, talc was a better choice than GF ( Figure 8 ). This was because the GF had a relatively higher aspect ratio than talc, which made it easier to align along the FD. The shrinkage in FD was greatly reduced if the orientation of GF was close to FD. However, since there was no remarkable reduction in shrinkage in the TD, a differential shrinkage occurred between the directions, and this worsened as the aspect ratio increased [32, 33] .
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Shrinkage as a Function of Location
We confirmed the tendency of shrinkage as a function of the measurement location, when talc and GF were incorporated into PP, where the reinforcement size factor was small. As shown in Figures 9  and 10 , the shrinkages on the left and right sides of the FD and bottom (near the gate) and top (far from the gate) of the TD were compared (the geometric measurement locations are shown in Figure 1) . As a whole, the addition of the reinforcement increased the shrinkage difference. In addition, the difference in shrinkage (by position) in the TD was larger than that in the FD. The shrinkage measurement positions in the FD were isotropic from the gate and exhibited a comparably similar reinforcement orientation. However, the shrinkage measurement positions in the TD were at different distances from the gate and exhibited a different reinforcement orientation.
In the FD, PP/T, and PP/GF showed a similar shrinkage in the left and right positions, but the shrinkage difference of PP/GF was smaller than that of PP/T. The average shrinkage difference of PP/T was 0.123%, while that of PP/GF was 0.022%. GF, with a high aspect ratio, was more uniformly orientated in the FD and exhibited a more uniform distribution, relative to the randomly oriented talc.
In the TD, PP/T showed a similar shrinkage on the bottom and top, although the shrinkage of PP/GF at the two positions were different. The average shrinkage difference of PP/T was 0.165%, while that of PP/GF was 0.259%. It could be seen that the shrinkage difference of PP/GF was larger than that of PP/T, which could be attributed to the orientation of GF. 
We confirmed the tendency of shrinkage as a function of the measurement location, when talc and GF were incorporated into PP, where the reinforcement size factor was small. As shown in Figures 9 and 10 , the shrinkages on the left and right sides of the FD and bottom (near the gate) and top (far from the gate) of the TD were compared (the geometric measurement locations are shown in Figure 1 ). As a whole, the addition of the reinforcement increased the shrinkage difference. In addition, the difference in shrinkage (by position) in the TD was larger than that in the FD. The shrinkage measurement positions in the FD were isotropic from the gate and exhibited a comparably similar reinforcement orientation. However, the shrinkage measurement positions in the TD were at different distances from the gate and exhibited a different reinforcement orientation.
Distribution of Reinforcement
We have investigated the different shrinkage trends of PP/T and PP/GF that was caused by the reinforcement orientation. For this, we examined the reinforcement distributions by Micro-CT (Figures 11-13 ). The reinforcement content was 20 wt %, and the size was small in this measurement. 
We have investigated the different shrinkage trends of PP/T and PP/GF that was caused by the reinforcement orientation. For this, we examined the reinforcement distributions by Micro-CT (Figures 11, 12 , and 13). The reinforcement content was 20 wt %, and the size was small in this measurement. It is clear from Figure 11 that all the talc in the cross-sections of PP/T were randomly distributed. There was no uniform distribution that appeared in the flow direction, transverse direction, and thickness direction.
On the other hand, GF in the cross-sections of PP/GF was very distinctly oriented ( Figure 12 ). In particular, glass fibers exhibited different orientations in the skin layers near the surface of the sample and in the core inside it ( Figure 13 ). The skin layers were divided into (i) skin layers without the core of the skin layers and (ii) a core skin layer. GF in the layers showed different orientations. They were randomly oriented in the skin layers, except in the core of the skin layers, where they were oriented parallel to the flow direction in the core of the skin layer. In the core, which is the central layer of the sample, they were oriented perpendicular to the flow direction. The orientation of GF was constant along each direction and the layers, and it was analyzed that this orientation caused a significant differential shrinkage between the FD and the TD. This fiber orientation in the injection mold was similar to that observed in other studies [34, 35] .
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Analysis of Variance (ANOVA)
One-way ANOVA was performed for the three factors (reinforcement type, reinforcement content, and reinforcement size) and the three outcomes (shrinkages in the FD and TD, and the 
One-way ANOVA was performed for the three factors (reinforcement type, reinforcement content, and reinforcement size) and the three outcomes (shrinkages in the FD and TD, and the differential shrinkage) of the reinforcements. The number of replications was five. F-tests were conducted to determine whether the mean values for each level of the factor were the same or not. If the p-value of a factor was less than 0.05, the factor could be assumed to be significant. Table 3 shows the ANOVA results for the shrinkage in the FD. In the case of the reinforcement factor, the p-value was 0, which was the most significant factor among the three. In addition, the content and size of reinforcement were not significant factors because the p-values were greater than 0.05. The ANOVA results for shrinkage in the TD showed that the reinforcement factor (p-value: 0) was the most significant factor ( Table 4 ). The reinforcement content was the next most important factor (p-value: 0.005), and the reinforcement size was not a significant factor.
The ANOVA results for differential shrinkage are shown in Table 5 . The p-value of the reinforcement factor was 0, making it the most significant factor for differential shrinkage. The other two factors were relatively insignificant (p-values: 0.290 and 0.567).
The analysis results for the three shrinkage values indicated that the type of reinforcement was the most significant factor (average p-value: 0). The next most significant factor was the reinforcement content, but the influence was not significant, compared to the effect of the reinforcement type. Finally, the reinforcement size was found to be an insignificant factor, overall. Therefore, to improve the shrinkage of PP, the factors should be considered in the order of reinforcement type and reinforcement content. The reinforcement size does not require consideration unless there is a large difference between the size of the particles. Two-way ANOVA was performed to examine how the two variables (reinforcement type and reinforcement content) affected shrinkage and whether there was any interaction between these factors.
First, the influence of the factors on the shrinkage in the FD and TD was analyzed, and the order or influence was reinforcement type, reinforcement content, and interaction between reinforcement type and reinforcement content. As the p-values of all three factors were less than 0.05, the factors were all significant for shrinkage in the FD and TD (Tables 6 and 7) . However, the p-values of the factors were all close to zero; thus, the importance of the factors could be identified by the difference in the value of the F-ratios. The influence of each of the three factors was very different, based on F-ratio values. The F-ratios of the reinforcement type factor were 9652.18% (FD) and 3827.91% (TD), those of the reinforcement content factor were 243.19% (FD) and 239.12% (TD), and those of the interaction between reinforcement type and reinforcement content were 5.64% (FD) and 8.13% (TD). This difference could be confirmed by comparing the main effects (Figures 14 and 15) .
Next, the influence of the three factors on differential shrinkage was confirmed in the order of reinforcement type, reinforcement content, and the interaction between reinforcement type and reinforcement content. As the p-values of the three factors were less than 0.05, all factors were significant for differential shrinkage ( Table 8 ). The F-ratio of each factor showed that influence of the reinforcement type was overwhelming, but the effect of the reinforcement content was relatively small, compared to the effect on the shrinkage in the FD and TD. The F-ratio of the reinforcement factor was 708.69%, that of the reinforcement content factor was 13.37%, and that of the interaction between the reinforcement type and reinforcement content was 6.10%. This meant that the variation in the differential shrinkage was not large and did not depend on the reinforcement content. Thus, differential shrinkage could not be controlled by varying the reinforcement content. This difference in influence could also be seen from the main effect comparison (Figure 16 ).
Finally, we examined the interaction between the reinforcement type and reinforcement content for the three outcomes. The magnitude of the interaction was readily apparent in the interaction plot ( Figure 17 ). In the interaction plot, a small interaction is indicated by parallel lines, whereas intersecting lines indicate a large interaction [36] . The interaction plots were almost parallel, so the interaction between factors was low. in influence could also be seen from the main effect comparison (Figure 16 ). Finally, we examined the interaction between the reinforcement type and reinforcement content for the three outcomes. The magnitude of the interaction was readily apparent in the interaction plot (Figure 17 ). In the interaction plot, a small interaction is indicated by parallel lines, whereas intersecting lines indicate a large interaction [36] . The interaction plots were almost parallel, so the interaction between factors was low. Reinforcement 
The Taguchi Method
The optimal conditions for the controllable factors for shrinkage were analyzed by the Taguchi method. The controllable factors were the reinforcement type (A) and the reinforcement content (B). The noise factor was the reinforcement size (N). The levels of the factors were 2 for A (talc and GF), 4 for B (5, 10, 15, and 20 wt %), and 2 for N (big and small size).
The optimum conditions were calculated, based on the condition that the S/N ratio was high. Tables 9-11 show all shrinkage values and S/N ratios for each noise factor. In the case of shrinkage in the FD and TD, it was found that the optimum condition was obtained when 20 wt % of GF was incorporated into the PP. The S/N ratios of shrinkage in FD and TD were the largest (11.358 dB (FD) and 6.621 dB (TD)) at condition number 8 with 20 wt % incorporated GF. On the other hand, differential shrinkage was found to be optimum when 20 wt % of talc was incorporated into the PP. The S/N ratio of differential shrinkage was the largest (26.755 dB) at condition number 4, with 20 wt % talc incorporated.
These results suggest that GF was a better reinforcing agent than talc, for the reduction of directional shrinkage, whereas talc was a better reinforcement than GF, for the reduction of differential shrinkage. Table 9 . Signal-to-noise (S/N) ratio of shrinkage in the flow direction.
No.
A B (wt %) Shrinkage (%) S/N Ratio (dB) 
Regression Analysis
According to the above analysis, if we want to minimize shrinkage in the FD and TD, we can incorporate as much GF as possible, and, if we want to minimize differential shrinkage, we can incorporate as much talc as possible. However, if we want to minimize both directional shrinkages and the differential shrinkage, both reinforcing agents must be added.
To find the optimum mixed reinforcing conditions, regression analysis was performed with the reinforcement content as a variable. For the regression analysis, only the small size reinforcing agents were used. Regression equations for the shrinkage of PP/T in the FD and TD and those of PP/GF in the FD and TD were calculated as a function of the reinforcement content. The experimental values of PP/T showed a good fit with the linear regression model, and the experimental values of PP/GF showed a high fitness with the exponential non-linear regression model (Figures 18 and 19) . The regression equation for the PP composite, reinforced with talc and GF, was as follows:
where S is the total shrinkage in the FD, and S ⊥ is the total shrinkage in the FD. S talc and S ⊥ talc are the shrinkage regression equations for PP/T in the FD and TD. S GF and S ⊥ GF are the shrinkage regression equations for PP/GF in the FD and TD. In addition, w talc and w GF represent the content of incorporated talc and GF, and w total is the total reinforcement content (w total > 0).
In industry, there are restrictions on the optimal conditions for various factors. For example, in a case where the reinforcement content is limited to 20 wt %, the shrinkage in the FD and TD should be 1.2 % or less, and the differential shrinkage should be 0.1 % or less, the incorporation of one kind of reinforcement, such as talc or GF, will be unsatisfactory. However, the addition of 11 wt % of talc and 9 wt % of GF, can satisfy the required condition (Table 12) . As another example, if the shrinkage in the FD and TD was 1% or less, the differential shrinkage should have been 0.15% or less, and the total reinforcing agent content should not have exceeded 20 wt %; again, this condition could not be achieved with a single reinforcing agent. However, the addition of 7 wt % of talc and 13 wt % of GF into the PP, could achieve this value. In this way, we could predict optimal conditions for various dependent variables, using the regression model. and 9 wt % of GF, can satisfy the required condition (Table 12) . As another example, if the shrinkage in the FD and TD was 1% or less, the differential shrinkage should have been 0.15% or less, and the total reinforcing agent content should not have exceeded 20 wt %; again, this condition could not be achieved with a single reinforcing agent. However, the addition of 7 wt % of talc and 13 wt % of GF into the PP, could achieve this value. In this way, we could predict optimal conditions for various dependent variables, using the regression model. 
Conclusions
In this study, we investigated the optimal reinforcement factors to minimize the shrinkage of talc-and GF-reinforced PP composites, after injection molding. The reinforcement factors were reinforcement type (talc and GF), reinforcement content (0, 5, 10, 15, and 20 wt %), and reinforcement size (big and small). The type and content of the reinforcement were controllable variables, and reinforcement size was set as an uncontrollable variable. The samples for all experimental conditions were injection-molded to measure the differential shrinkage, as well as the shrinkages in the flow direction, transverse direction, and thickness direction. In addition, the shrinkage of PP/T and PP/GF, at different measurement locations and the distribution of reinforcements in the samples, were confirmed. For the measured shrinkage results, optimal conditions were obtained by applying ANOVA, the Taguchi method, and regression analysis. It was confirmed that the reinforcement type was the most influential factor of reinforcement type, reinforcement content, and reinforcement size. Of these factors, the reinforcement size was found to be relatively insignificant, compared to the other factors. Therefore, when a reinforcing agent was incorporated into PP to minimize the shrinkage of PP, the factors should be considered in order of reinforcement type, reinforcement content, and reinforcement size. The optimum condition with minimum shrinkage in the FD and TD for the noise factor were found to be 20 wt % of GF, and the optimal condition with minimum differential shrinkage was found to be 20 wt % of talc. Finally, regression analysis models were prepared to identify the conditions where the shrinkage in the FD and TD, as well as the differential shrinkage, satisfy specified values, simultaneously. It is expected that this study will be helpful for understanding the optimum reinforcement factors to minimize the shrinkage of PP composites. 
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